Introduction
Block copolymer lithography, which combines self-assembled block copolymers with lithographically defined substrates, has attracted ever-growing attention to extend optical/EUV lithography beyond sub-10 nm [1, 2] . In particular, the fabrication of line and space (L/S) patterns with a high resolution is an essential part of the development of microelectronic devices. They are generally prepared by the formation and consequent dry etching fabrication of the microphase-separated parallel oriented cylinder or vertical oriented lamellar structure in the thin films. The vertical lamellar structure can lead to higher resolution in the resulting dry etched line patterns in comparison to that fabricated from the parallel cylindrical structure because of its well-defined microphase-separated structure formed precisely from top to bottom in the thin films. Vertical orientation of the lamellar structure is, therefore, particularly important. Although many research groups have studied in the development of appropriate block copolymers and/or suitable annealing processes, it is still a challenge to obtain a vertical oriented lamellar structure in thin films.
Polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) can readily form the vertical oriented lamellar structure by controlling the thermal annealing condition on the substrates covered with a random copolymer of PS and PMMA as a neutral layer. Because the two blocks have similar surface free energies ( PS = 40.7 and PMMA = 41.1 mJ m -2 ). However, the weak segregation (i.e., a low Flory-Huggins interaction parameter, ) between PS and PMMA limits the minimum domain spacing accesable to ca. 25 nm [3] . Moreover, a low etch contrast between them has tended to cause obstacle to the transfer process of fine patterns.
Silicon-containing block copolymers are attractive materials for forming sub-10 nm features because of their strong segregation and high etch selectivity between the two blocks. Highly ordered nanodots and sub-10 nm width lines can be formed by using polystyrenre-b-polydimethylsiloxane (PS-b-PDMS) [4, 5] . However, the lines are able to obtain from the parallel oriented PDMS cylinderical microdomains. The formation of vertical oriented lamellar structures is difficult because of the large difference in surface energy between the two blocks ( PS = 40.7 and PDMS = 20.4 mJ m -2 ). We recently reported the synthesis and directed self-assembly of a novel class of silicon-containing block copolymers containing polyhedral oligomeric silsesquioxanes (POSSs) [6] . A typical POSS-containing block copolymer, poly(methyl methacrylate)-b-poly(POSS methacrylate) (PMMA-b-PMAPOSS), exhibits microphase separation with a period less than 10 nm and a high etch contrast derived from the high silicon content in the POSS moiety and good film formability. PMMA-b-PMAPOSS and other POSS-containing block copolymers, however, are difficult to control the vertical orientation in any thermal and solvent annealing methods. This is also the same reason that the surface free energies are large difference in PMMA and PMAPOSS, PMMA = 47.2 and PMAPOSS = 28.7 mJ m -2 , respectively. In this paper, we report the synthsis of a new series of PMAPOSS based fluorine-containing block copolymer, PMAPOSS-b-poly(trifluoroethyl methacrylate) (PMAPOSS-b-PTFEMA), via anionic polymerization and the formation of vertical orientated lamellar structures in the thin films by thermal annealing. We expected its surface segregation behavior of fluorine-containing polymer of PTFEMA for forming the vertical orientation of PMAPOSS-b-PTFEMA caused from air/polymer interface.
Experimental
Materials. Chemicals were purchased from Tokyo Chemical Industry (TCI), Kanto Chemical Co., Inc. (Cica), and Hybrid Palstics.
For anionic polymerization, 1,1-diphenylethylene (DPE) was distilled over n-buthyllithium. 3-(3,5,7,9,11,13,15-Heptaethylpentacyclo[9.5.1. ]octasiloxan-1-yl)propyl methacrylate (MAPOSS) was recrystallized from methanol and dried in a vacuum oven at 60 °C for 24 h. 2,2,2-Trifluoroethyl methacrylate (TFEMA) was stirred and distilled with calcium hydride. Lithium chloride (LiCl) was baked under vaccum at 180 °C for 24 h.
Instruments. Proton nuclear magnetic resonance ( 1 H NMR) spectra were acquired on a JEOL JNM-ECS 400 spectrometer (JEOL, Tokyo, Japan) operating at 400 MHz for 1 H using deuterated chloroform (CDCl 3 ) as a solvent and tetramethylsilane (TMS) as an internal standard. Infrared spectra were recorded on a JASCO Fourier Transform IR-460 Plus spectrometer (JASCO, Tokyo, Japan). Small angle X-ray scattering (SAXS) data were obtained using a Bruker NanoSTAR (Bruker AXSK.K., Kanagawa, Japan, 50 kV per 100 mA) with a 2D-PSPC detector (camera length 1055 nm). Transmission electron microscopy (TEM) was performed using a JEOL JEM-1010BS (JEOL, Tokyo, Japan) operated at 80 kV. Tapping mode atomic force microscopy (AFM) measurements were performed on Seiko model SPA-400.
Synthesis of PMAPOSS-b-PTFEMA.
The following is a typical synthetic procedure for PMAPOSS-b-PTFEMA block copolymers via anionic polymerization [7] . 30 mL of THF was transferred to a glass reactor containing 7.7 mg of dry LiCl (0.18 mmol), and the reactor was cooled to -78 °C. Five minutes later, sec-BuLi was added until color changed to light yellow. The reactor was removed from the cooling bath and allowed to reach room temperature upon which the solution becomes colorless. The reactor was cooled back to -78 °C, and 96 µL of 1.04 M sec-BuLi solution in hexane/cyclohexane (0.10 mmol) was added. After an additional 5 min, 1.1 mL of DPE (6.3 mmol) was added to the reactor, resulting in a deep red color. After 30 min, 0.30 g of MAPOSS (0.40 mmol) dissolved in THF (4.0 mL) transferred from the monomer reservoir to the polymerization flask via cannula with vigorous stirring. The deep red color changes to light yellow. In a second ampule, 1.2 ml of TFEMA (8.3 mmol) was added to the reactor. After 3 h at -78 °C, an excess of methanol was added to the reactor in order to prepare the proton-terminated diblock copolymer. The polymer was then precipitated into MeOH/water (10/1), filtered, and dried under vacuum at 50 °C for 24 h, resulting in 1.65 g of polymer. Yield: 75%. For final block copolymer purified by recycling preparative size exclusion chromatography, SEC gives M n (SEC) of 32000 g mol - 
Results and discussion
Synthesis of Block Copolymers (PMAPOSS-b-PTFEMA). A series of block copolymers (PMAPOSS-b-PTFEMAs) consisting of a PMAPOSS block and a PTFEMA block were designed for creating a vertical oriented lamellar structure to utilize the characteristics of microphase separation and surface segregation during the film formation. The surface free energy of PTFEMA is PTFEMA = 25.1 mJ m -2 that is a similar value with that of PMAPOSS. Thus, we expected this block copolymer to begin the self-assembly from surface to bottom and form the lamellar structure oriented vertical to the surface and substrate. In this study, two kinds of PMAPOSS-b-PTFEMAs with different molecular weights composed of a lower content of PMAPOSS were synthesized by anionic polymerization (Figure 1) . 
Bulk Morphological Characterization.
Before going to study thin film morphology characterization, it is important to know the bulk morphology for the resulting PMAPOSS-b-PTFEMAs. Bulk samples of the PMAPOSS-b-PTFEMAs were prepared by slow evaporation from the solution in chloroform and characterized by transmission electoron microscopy (TEM) and small angle X-ray scattering (SAXS). In the TEM measurements, all samples were imaged without staining as the higher mass contrast of the PMAPOSS to PTFEMA blocks results in PMAPOSS and PTFEMA domains appearing as darker and brighter regions, respectively. Based on the results of bulk morphology characterization, we further examined the self-assembly in thin films by atomic force microscopy (AFM). The thin films are prepared by spin-casting from the solution in chloroform onto silicon wafers. The film thickness is approximately 30 nm. AFM image for the unanealed thin films shows non fomration of microphase-separated nanostructures. Thermal annealing for the thin films was first carried out at 150 °C for 24 h in vacuo. The resulting annealed thin films indicate the formation of finger-print type line structures in a whole area. Then we attempted to tune the thermal annealing condition in time and atmosphere. Finally, we obtained the mildest condition for forming the line structures that is temperature at 150 °C for 1 min under an air atmosphere. Figure 4 shows the AFM image for the thin film sample of PMAPOSS 5 -b-PTFEMA 168 , which annealed at 150 °C for 1 min under an air atmosphere. The AFM phase image clearly shows lines with obvious contrast composed of PMAPOSS and PTFEMA domains. This might be due to its similar surface free energy between the two blocks. Oxygen plasma reactive ion etching (RIE) was carried out for the resulting annealed thin films and gave the trench line patterns with a line width of ca. 10 nm. Very interestingly, the microphase-seprated line structures can be formed on many substrates without a neutral layer such as silicon wafers, glass plates, and plastics. This indicates that the microphase separation of PMAPOSS-b-PTFEMAs begins from surface to bottom to form line structures in the thin films by thermal annealing.
In summary, we have demonstrated the synthesis and morphology chracterization of fluorinecontaining PMAPOSS based block copolymers, PMAPOSS-b-PTFEMAs. The resulting block copolymers show the formation of lamellar structures in a bulk. Upon thermal annealing, the vertical oriented lamellar structures are formed by the surface segregation and microphase separation in the thin films on a variety of substrates. Very short annealing time only for one minute under an air atmosphere is also benefit for manufcturing processes.
The excellent self-assembling characetristics, good etch selectivity between the blocks, and vertical orientation ability of lamellar structures make the PMAPOSS-b-PTFEMAs an ideal candidate for block copolymer lithography.
